Introduction
formation requires a cell-material combination wherein the material supports the initiation and progression of the bone formation program of the engrafted cell type. Although material characteristics such as macro-/micro-porosity and surface topography have been identified to modulate osteoinduction
, the mechanism of action of ectopic bone formation obtained by a cell based implant is still largely unknown. Conversely, understanding the mechanism of action is a prerequisite to the design and optimization of the engineering process for clinically relevant tissue constructs.
In this study we describe the importance of bone morphogenetic protein (BMP) [16, 30] . This in vivo study, with clinically relevant cells and scaffold materials, represents a model system for the further study of osteoinduction which may lead to the development of regenerative treatments for the repair of non-union bone defects.
Materials and methods

Harvest of periosteal tissue and isolation of the cells
Periosteal biopsies (10 
In vivo osteogenesis
Phenotypically stable periosteum-derived (P3-7) cells [31] 
In situ hybridization (ISH) for human and mouse Alu repeats
The probes for human specific and mouse specific Alu were prepared by PCR [12, 33] . ISH was performed as described previously [34] . (Fig. 1A) , which is not different from non-cell seeded implants [7] . Implants seeded with 500,000 HPDCs were filled with fibrous tissue, but no bone, whereas 2.2% up to 19 .4% of bone (BV/TV) was found in implants seeded with one or five million cells (Fig. 1A, B ).
The resulting ectopic bone is a chimeric tissue and follows a bone formation process similar to intramembranous ossification (Fig. 2A) . Interestingly, some areas in these implants appeared to have higher cell density and an increased tissue density as indicated by haematoxylin and eosin staining ( Fig. 2A inset) . In these areas, remnants of mineral granules were located which were apparently/possibly not removed by the decalcification procedure (Fig. 2B ) and contained higher concentrations of cells labelled with cell tracking dye, indicating the presence of the HPDCs (Fig. 2B') . Scanning electron microscopy and energy dispersive X-ray analysis confirmed the presence of CaP granule remnants (Fig. 2C  inset) serving as anchoring points for cell attachment. (Fig. 2C 
BMP and Wnt signalling are involved in ectopic bone formation by HPDCs
The original discovery of BMPs as osteoinductive factors prompted us to study BMP expression levels in vivo [35, 36] . In vivo, transcripts of hBMP-2, -4, -6 and -7 increase over time, during progression of the bone formation process. (Fig. 3A) (Fig. 3D) , whereas the number of p-Smad ϩ cells in the implants seeded with ad-noggin HPDCs was dramatically decreased (Fig. 3E) . [37, 38] . In this animal model, some cells displayed nuclear staining for ␤-catenin 2 weeks after implantation suggestive for activation of ␤-catenin dependent Wnt signalling (Fig. 4A) (Fig. 4B) . Upon implantation, no fibrous tissue or bone spicules were found up to 8 weeks (Fig. 4C, D) . (Fig. 6A, bar ϭ 100 m) showed reduced numbers of proliferating HPDCs 2 weeks after implantation when BMP or Wnt signalling was inhibited (Fig. 6B) or when CaP granules were dissolved (Fig. 6C, EDTA condition) . Collagraft™ scaffolds soaked in PBS for 2 weeks were used as vehicle control (Fig. 6C, PBS condition) .
Eight weeks after implantation, the implants seeded with nontransduced cells (Fig. 3F-H) or with ad-GFP transduced cells were filled with equal amounts of de novo bone tissue, while the implants containing ad-noggin transduced cells showed very little or no bone. (P Ͻ 0.05, Mann-Whitney U-test, three donors in
Fig. 2 Loss of bone formation in decalcified Collagraft™ carriers. (A) Haematoxylin and eosin staining of decalcified Collagraft™ implants seeded with HPDCs showed no bone spicules 8 weeks after implantation. Some areas of the sections appeared to be condensed and had a more eosinophilic appearance (black arrows). A higher magnification is displayed in the inset (200ϫ). (B, B') Phase contrast and red fluorescent image of a consecutive section revealed crystalline remnants of mineral granules associated with the presence of CMDi-I labelled cells (white arrows) indicating that HPDCs were still present (DAPI counterstained). (bar ϭ 100 m) (C) Scanning electron microscope image of a remnant granule serving as an anchoring point for cell attachment (white arrow indicate a cell attaching to the mineral remnants, magnification 5000ϫ, bar ϭ 5 m). (Inset C) Energy dispersive X-ray analysis of the granules (marked with an asterisk) showing peaks of carbon, oxygen, phosphor and calcium indicative for the presence of organic and CaP constituents (Au: gold peak originates from sputtered gold layer for high quality imaging).
Fig. 3 Ectopic bone formation by HPDCs requires endogenous BMP signalling. (A) mRNA expression levels of human BMP-2 and -6 normalized to hGAPDH at 1, 4 and 8 weeks after implantation (n ϭ 3; bar ϭ standard deviation) as measured with real-time PCR. (B) Immunohistochemistry revealed p-Smad 1/5/8 ϩ cells (black arrows; bar ϭ 50 m). To block the endogenous BMP signalling HPDCs were transduced with ad-noggin. (C) Gene expression of mouse noggin normalized to hGAPDH in implants retrieved 1, 4 and 8 weeks after implantation (bar ϭ standard deviation). To evaluate the efficacy of the noggin treatment, immunohistochemistry for p-Smad 1/5/8 staining was done on 1-week-old implants seeded with ad-GFP (D) or ad-noggin (E) transduced HPDCs. (Haematoxylin counterstained, 200ϫ, bar ϭ 50 m.) Eight weeks after implantation, haematoxylin and eosin staining (F, G) and corresponding auto fluorescence images (F', G') of implants seeded with ad-GFP transduced HPDCs (F, F') and ad-noggin transduced cells (G,
G
Noggin and Frzb down-regulate their respective target genes in the ectopic bone formation model
Discussion
The ectopic bone formation in vivo [28] . Also [44] . Interestingly phosphate has recently been reported to act on the osteopontin promoter, through the glucocorticoid receptor, as observed with dexamethasone mediated osteogenesis [45] . In addition microarray studies with cementoblasts stimulated with phosphate have shown altered gene transcription for a wide variety of genes including those involved in cell signalling, namely in the Wnt and BMP pathways [46] . In addition to this, extracellular calcium has previously been shown to increase the expression of BMP-2, -4 and collagen type I in bone cells [47] . Although these results are in vitro, several groups have suggested that BMP signalling is involved in vivo, but no compelling evidence was presented [28, [48] [49] [50] 
